The process of sealing ring formation requires major actin filament reorganization. We previously demonstrated that an actin-bundling protein L-plastin has a role in the cross-linking of actin filaments into tight bundles and forms actin aggregates (denoted as nascent sealing zones). These nascent sealing zones mature into fully functional sealing rings. We have shown here that TNF-alpha signaling regulates the phosphorylation of serine-5 and -7 in L-plastin which increases the actin bundling capacity of L-plastin and hence the formation of nascent sealing zones in mouse osteoclasts. Using the TAT-mediated transduction method, we confirmed the role of Lplastin in nascent sealing zones formation at the early phase of the sealing ring assembly. Transduction of TATfused full-length L-plastin peptide significantly increases the number of nascent sealing zones and therefore sealing rings. But, transduction of amino-terminal L-plastin peptides consisting of the serine-5 and -7 reduces the formation of both nascent sealing zones and sealing rings. Therefore, bone resorption in vitro was reduced considerably. The decrease was associated with the selective inhibition of cellular L-plastin phosphorylation by the transduced peptides. Neither the formation of podosomes nor the migration was affected in these osteoclasts.
Introduction
Several actin-binding proteins are involved in the cytoskeletal organization during cell migration, invasion, adhesion, and bone resorption. Our previous observations in gelsolin null (Gsn-/-) osteoclasts demonstrated that gelsolin deficiency blocks podosome assembly and motility. However, these cells still exhibit sealing ring and matrix resorption [9] . Therefore, Gsn-/-osteoclasts are capable of resorbing bone, but the resorbed areas are small due to the absence of podosomes and the resulting hypo-motile nature of osteoclasts [9] . Observations in Gsn-/-osteoclasts also suggest that the organization of sealing ring presumably reflects changes in the role of actin-binding proteins. Sealing ring formation in osteoclast is a requirement for bone resorption. Due to the architectural nature of sealing rings, the major reorganization of actin filaments is required during their formation. Knowledge of the formation of mature sealing rings remains limited.
Sealing rings consisting of actin filaments that generate tight sealing zones on the bone surface during bone resorption by osteoclasts. Spatial configurations of actin filaments by actin-binding/bundling proteins (ABPs) account for the specific cytoskeletal changes during bone resorption.
We have previously shown that cyclical changes in protein and phosphorylation levels of L-plastin (LPL) and cortactin correspond with time-dependent changes in actin organization in osteoclasts subjected to bone resorption. We were the first to have shown the assembly of actin aggregates at the early stage of sealing ring formation by TNFalpha (TNF-α) or RANKL signaling independent of integrin αvβ3 signaling. These actin aggregates are denoted as nascent sealing zones (NSZs) [40] . These NSZs function as a central point or a hub in assembling molecular components (integrin αvβ3, Src, cortactin, ERK, WASP, and Arp2/3) involved in the maturation of NSZs to fully functional mature sealing rings [11, 12, 40, 41] . Time-dependent changes in the localization of LPL in NSZs and cortactin in sealing rings suggest that these proteins may be involved in the initial and maturation phases of sealing rings, respectively. Although integrin signaling has been shown to play a role in the formation of the sealing rings, its role in the maturation of NSZs to sealing rings has not yet been studied TNF-α was shown to stimulate the resorptive activity of osteoclasts independently of αvβ3 [22, 23] . The definite target of TNF-α signaling has not been identified. Lysates made from osteoclasts treated with native mice bone particles (60-80 µm size) and TNF-α or RANKL revealed a possible mechanistic role in the organization of NSZs by LPL. Time-dependent localization of LPL in NSZs suggests a role for this protein in the formation of stable actin filaments and localization of integrin αvβ3 in these zones. NSZs are converted to ring-like configurations at which time localization of LPL is reduced. Treatment of osteoclasts with αv inhibitor did not affect the formation of NSZs and localization of integrin in NSZs. However, localization of Src and cortactin in NSZs and maturation of NSZs to fully functional sealing rings are blocked [40] .
LPL is present predominantly in hematopoietic cells (e.g. lymphocytes, neutrophils, and T-cells and osteoclasts) [21, 27, 40] . It is also known as Plastin 2, cytoskeletal associated protein (CAP) or fimbrin [3, 14, 44, 59] . LPL is capable of distinguishing between actin isoforms, and has been shown to bundle β-actin efficiently but not α-actin or Gactin [49] . The amino-terminal (N-terminal) domain of LPL contains two phosphoserine residues (Ser-5 and Ser-7), Ca2+binding sites flanked by EF-hand motifs, two repeated actin-binding domains (ABDs) and calponin homology domain (CH) at the carboxyl-terminal end. The spatial proximity of ABDs (120 Å) of LPL enable them to organize actin filaments into tight bundles [2, 6] . LPL localizes to actin-rich membrane structures involved in locomotion, adhesion, and membrane extensions (e.g. filopodia, lamellipodia) [3, 13, 28, 66] . Phosphorylation of LPL on residues Ser-5 and -7 occurs in hematopoietic cells [15, 53] but most likely on Ser-5 exclusively in non-hematopoietic cells.
How spatial and temporal localization of actin-modulating protein (s) and actin control the formation of sealing ring still needs further elucidation. We believe that sealing rings required bundled actin filaments to generate tight sealing zones for active bone resorption to occur. While many of the proteins that compose the sealing ring have been identified, their function is still poorly understood. The knowledge of the formation of NSZs before mature sealing ring development is very limited. We are the first ones to show LPL as a novel target for TNF -α signaling which provided a new perspective at the early phase of sealing ring formation [40] .
Here, our principal goal was first to characterize the elements of LPL involved in the actin bundling process at the early phase of sealing ring organization in osteoclasts. We have previously demonstrated that the transduction of TAT-fused full-length peptides of constitutively active (V14-Rho)/ dominant negative (N19-Rho) Rho, gelsolin, and WASP protein as well as different domains of gelsolin and WASP resulted in dramatic changes in the migratory and resorptive potential of osteoclasts [5, 10, 39, 41, 61] . TAT-WASP and TAT-CD44 peptides against phosphodomain of the corresponding proteins demonstrated significant inhibitory effects on the invasion and migration of prostate cancer cells (PC3) derived from bone metastasis [16, 17] . TAT-fused proteins of different molecular weight revealed the potential to enter into the cell type of interest and displayed specific biological activities in an efficient manner.
In this paper, we have used similar structure-function analyses to determine the domains of LPL which has a key role in the actin bundling process. We cloned full length (FL-LPL) and mutated full length (Ser-5 and Ser-7 to Ala-5 and Ala-7) as well as amino-terminal LPL (NT-LPL) and actin-binding domains of LPL (ABD-LPL) in a TAT expression vector containing hemagglutinin tag (HA). TAT fused proteins were purified [10, 61] and transduced into mouse osteoclasts. The effects of these proteins on the phosphorylation of endogenous or cellular LPL, NSZ and sealing ring formation, bone resorption, and migration were determined. A significant decrease in the phosphorylation of cellular LPL and NSZ formation was observed in osteoclasts transduced with NT-LPL which suggest that LPL phosphorylation on Ser-5 and Ser-7 residues is critical for actin bundling activity of LPL.
Materials and methods
Antibody to LPL (SC-16657; Goat) was bought from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies to GAPDH and TNF-α receptor 1 (TNFR1) were purchased from R & D Systems (Minneapolis, MN). Protein estimation reagent, molecular weight standards for proteins, and PAGE reagents were bought from Bio-Rad (Hercules, CA). Molecular weight markers have also been bought from Promega (Madison, WI). Cy2-and Cy3-conjugated secondary antibodies were purchased from Jackson Immunoresearch (West Grove, PA). HRP-conjugated secondary antibodies for immunoblotting and phosphoserine (p-Serine) antibody were bought from Abcam (Cambridge, MA). Mounting solutions for mounting of coverslips were bought from Thomas Scientific (Swedesboro, NJ) or Vector Labs (Burlingame, CA). Rhodamine-phalloidin and all other chemicals were purchased from Sigma (St. Louis, MO).
Mice
C57/BL6 mice (six to eight-week-old mice) were used for osteoclast preparation. These mice were either purchased from Harlan Laboratories or generated in the animal facility of the University of Maryland Dental School. Breeding and maintenance were carried out as per the guidelines and approval of the institutional animal care and use committee
Preparation of osteoclasts from long bones of Mice
Osteoclasts were generated in vitro using long bone marrow cells of six to eight-weeks-old C57BL/6 mice as described previously [9, 11] . The multinucleated osteoclasts were seen from day four onward. There are limitations in obtaining homogenous multinucleated osteoclasts from the bone marrow macrophages of the long bones of mice. However, the heterogeneous culture consists of a large number of (> 85%) multinucleated giant osteoclasts and some osteoclast precursors (~10-15%).
Treatment of osteoclasts with bone particles and TNFR-1 antibody
Bone particles (60-80 µm in size) were prepared as described previously [40] . After flushing the marrow cells for osteoclast differentiation as described above, long bones of mice (free of cells inside and muscles outside) were washed extensively with PBS and kept in ethanol until use. Long bones were air-dried in the hood and homogenized by a mini blender. Bone particles were sieved and used for experiments. Multinucleated osteoclasts were seen from day four onward. At this time cultures were added with bone particles (100 µg/ml media) for 3-4 h or 12-14 h in the presence of TNF-α (20 ng/ml). Some cultures were treated with 3-5 µg/ml TNFR1 antibody. Osteoclasts were preincubated with the TNFR1 antibody for 60-90 min before the addition of TNF-α to enhance the blocking effect. Osteoclasts incubated with bone particles for 3-4 or 12-14 h in the presence of TNF-α were used for lysate preparations.
Cloning of L-Plastin constructs
Bacterial expression constructs coding various HIV-TAT fusion peptides of LPL were generated by PCR method as described [41] . LPL constructs were generated from mouse cDNA library using the following primers: Full length (FL-) LPL: (F) 5′-ACA TGA CCG GTA TGG CCA GAG GAT CCG TG −3′ and (R) 5′-CAC ATG AAT TCA CTT ACA CCC TCT TCA TCC CTT TC -3′; Amino terminal (NT)-LPL: (F) 5′-ACA TGA CCG GTA TGG CCA GAG GAT CCG TG −3′ and (R) 5′-CAC ATG AAT TCA CTT AGT ACC CAG GCA GAG GCA GGC AG −3′; Actin binding domain (ABD) of LPL: (F): 5′-ACA TGA CCG GTA CCT CTG AGC AGT CCA GCG TTG −3′ and (R) 5′-CAC ATG AAT TCA CTT ACT TCT GTC CAC CTC CGA TAT C −3′. The PCR products of LPL were inserted into the Age1/EcoR1 site of a bacterial expression vector, pTAT-HA, to produce TAT fusion proteins. The sequences of all the clones were confirmed for reading frame by DNA sequencing.
Site-directed mutagenesis of L-plastin
Mutations at Ser-5 and Ser-7 were generated using the Quick Change Site-Directed Mutagenesis (SDM) Kit (Agilent Technologies, Halethorpe) and as per the instructions provided in the manufacturer's protocol. Full-length LPL (FL-LPL) cDNA (Accession: BC010271) have been used to generate the Ser-5 and Ser-7 to Ala-5 and Ala-7 mutant. The following forward and reverse primers with Sal1 and Sph1 sites, respectively are used to generate the mutants: F5′-ACGCGTCGACATG GCCAGAGGAGCAGTGGCCGATGAGGAAATGATGGAG-3′; R5′-TGCTG CAGCATGCATTCTGCCCTC 3′. First, the Sal1-Sph1 fragment of the mutated cDNA was generated in pCMV-SPORT6. Several positive clones have been identified and sequenced at the University of Maryland Core Facility to verify the insertion of expected mutations and also for the insertion of any other unsought mutations during the mutagenesis process. Subsequently, mutated FL-LPL was cloned into the pTAT-HA vector at Kpn1-EcoR1 sites to produce mutated TAT-fused mutated FL-LPL protein. The forward and reverse primers containing Kpn1-EcoR1 sites, respectively are as follows: F-'5′ CGGGGTACCATGGCCAGAGGA GCAGTGGCC −3′; R-5′ GGAATGAAGAG GGTGTGAGAATT CCGG-3′.
Vector pTAT-HA and Purification of TAT-fused LPL proteins
We used pTAT-HA expression vector for cloning and purification of the indicated L-plastin constructs. pTAT-expression vector was kindly provided by Dr. Steven Dowdy Professor of Cellular and Molecular Medicine; University of California San Diego; School of Medicine) [47] . The vector pTAT-HA has N-terminal 6-histidine leader, TAT protein transduction domain (11-amino acids) flanked by glycine residues, a hemagglutinin (HA) tag, and polylinker. HSV-TK (Herpes simplex virus thymidine kinase; 42 kDa) protein was used as a control. The purification protocol is adapted from the published procedure using a Ni-NTA column [10, 47, 61] . The fusion protein is expressed in BL-6 bacteria and then isolated by using Ni-NTA column. Briefly, bacterial pellets were resuspended in a buffer containing 100 mM NaCl, 20 mM Hepes (pH 8.0), and 8 M urea, sonicated, and centrifuged at 12,000 rpm for 10 min at 4°C. Imidazole was added to the supernatant to a final concentration of 10-20 mM and purified in Ni-NTA column as described [10, 61] . Addition of 8 M urea to the sonication buffer allows for the isolation of insoluble proteins in bacterial inclusion bodies and efficient transduction into cells. Bound proteins were eluted with stepwise addition of 5-10 ml each of 100, 250, and 500 mM and 1 M imidazole in the above buffer. Rapid dialysis removed urea by using the Slide-A-Lyzer cassette (Pierce Chemical Co.) or by the use of desalting PD-10 columns (Sephadex G-25) (Amersham Pharmacia Biotech). Desalting was done per the manufacturer's instructions. Protein transduction technology offered a way to purify misfolded TAT-HA fused recombinant fusion proteins of interest. These proteins are highly insoluble in the inclusion bodies of the bacteria. Partial unfolding of the protein enhances the ability of the recombinant protein to enter into cells of interest [47] . Purification protocol with urea assist in the mis-or unfolding of TAT-fusion proteins; once transduced into cells, these proteins may be refolded by the chaperones [e.g. HSP90] [52].
Transduction of TAT-fused LPL proteins into osteoclasts
For transduction with TAT-fused peptides (100-150 nM), osteoclasts were first kept in serum-free α-MEM for two h. Afterward, TAT proteins of interest, bone particles, and TNF-α were added to cells in serum-free α-MEM. Lysates were made from these cells for immunoprecipitation and immunoblotting analyses. Osteoclasts plated on dentine slices in the presence of TAT-proteins of interest and TNF-α for 3-6 h or 10-12 h were used for immunostaining or actin staining analyses. Osteoclast cultures treated only with TNF-α were used as controls.
Lysate preparation, Immunoprecipitation and Immunoblotting analysis
Following various treatments, osteoclasts were washed three times with cold PBS and lysed in a radioimmune precipitation buffer (RIPA; 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% SDS, 1% aprotinin, 2 mM PMSF, 100 M Na 3 VO 4 , and 1% aprotinin). Cells were rocked on ice for 15 min and scraped off with a cell scraper. Cell lysates were centrifuged at 15,000 rpm for 5 min at 4°C, and the supernatant was saved. Protein contents were measured using the Bio-Rad protein assay reagent. Equal amounts of lysate proteins (100-150 µg) were used for immunoprecipitations. Immunoprecipitations and Western blotting were done as described previously [7, 8] .
Fluorescent labeling of proteins in osteoclasts
Osteoclast precursors (10 5 cells/coverslips) were cultured on glass coverslips or dentine slices. Fluorescent labeling was done in osteoclasts transduced or untransduced with TAT-proteins. HA or TAT antibody was used to identify the transduced peptides of interest; rhodamine phalloidin was used to determine actin organization [9, 10] . L-plastin antibody was used to determine the distribution of LPL in a time-dependent manner as shown previously [40] . Immunostained and actin stained osteoclasts were photographed with a Bio-Rad confocal laserscanning microscope. Images were stored in TIF image format and processed by Adobe Photoshop (Adobe Systems Inc., Mountain View, CA).
Measurement of filamentous actin (F-actin) content with rhodamine phalloidin
For the measurement of F-actin, osteoclasts transduced with TAT-LPL peptides of interest for 15-30 min were replated on dentine slices for 3-4 h or 10-12 h, respectively, in the presence of indicated TATfused peptides of interest and TNF-α. For each treatment four to six wells in 24 well, culture dishes were used. Cells were fixed and rhodamine phalloidin binding to F-actin was done as described [9, 10] .
Resorption pit formation assay in vitro using dentine slices
Osteoclasts transduced with TAT-LPL peptides of interest for 30 min were replated on dentine slices for 10-12 h in the presence of TAT-fused peptides of interest and TNF-α. Some cultures were treated with a neutralizing antibody to TNFR-1. Resorption assay was performed as described previously [9, 10] . Resorbed areas were also scanned in confocal microscopy. Images were stored in TIF format and processed by Adobe Photoshop (Adobe Systems Inc.) [9] . The resorbed pit areas were quantified and data were compiled from four slices per treatment and per experiment. The resorbed pit areas (20-25 pits/slice) were quantified and data were compiled from four slices per treatment. The data showed is the mean ± SEM of one experiment performed. The area of the pit was determined from the free-hand traced perimeter using the LSM software [9] . As per Cosmo Bio recommendations, we compiled the results of one experiment for the presentation.
Transwell migration assay
Transwell migration was done as reported previously [9] . Osteoclasts that migrated to the underside of the transwell membrane were stained with hematoxylin stain. Dried filters were cut out and mounted with a permount solution (Thomas Scientific, Swedesboro, NJ) on a glass slide. Cells were viewed under X40 objective in an inverted microscope. Six fields per transwell insert were counted using a Zeiss microscope as described previously [10] . Data are presented as the number of cells per migrated field (mean ± SD) from one experiment.
Statistical analysis
Data obtained represent the response of the osteoclast culture as a whole (> 85% multinucleated giant cells and~10-15% osteoclast precursors). Statistical significance was determined using either analysis of variance ANOVA or student's t-Test (INSTAT; Version 6.0, Graph Pad software, Graph Pad Inc., San Diego, CA). The data are depicted as the mean ± SD or the mean ± SEM. A probability value *p < 0.05 was considered statistically significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
Results

Expression and purification of the TAT-fused LPL peptides
The following HA-TAT fused LPL proteins were generated: unmutated (FL-LPL) and mutated (FL-LPL (A5A7)) full-length LPL (~80 kDa), amino terminal (NT)-LPL-15 kDa), and actin binding domains (ABD; 50-55 kDa) of LPL (Fig. 1A) . Purified proteins were analyzed in an 8% (FL-LPL; ABD-LPL) or 15% (NT-LPL and TAT-HA vector protein) SDS-PAGE. Gels were stained with Coomassie blue stain (Fig. 1B) . TAT-HA vector (8-10 kDa) and Herplex Simplex Virus thymidine kinase (HSV-TK; 42 kDa) proteins were used as controls for transduction experiments [10] . Small molecular weight proteins are (< 10 kDa) are very difficult to separate on a SDS-PAGE. These proteins migrate with the dye and buffer front. TAT-HA vector protein always run larger than the expected size with~MW between 8 and 10 kDa. We consistently see this difference [5, 10, 41, 61] . Usage of different sample buffer did not change the size of the protein. We believe that it may be due to the property of the purified vector protein. NT-LPL peptide has the first 45aa sequences of LPL. Theoretical pI/MW is 4.21/ 4886.47dalton; as a fusion protein with vector sequences, it provided the MW~15 kDa on the SDS-PAGE. Similarly, a small increase in the size of FL-LPL and ABD-LPL was observed (Fig. 1B) .
Dose-and time-dependent uptake of proteins by osteoclasts were done as shown previously [10] . Maximum uptake was seen between the 100-200 nM dose of TAT-fused FL-LPL ( Fig. 1C; lanes 3-5) . The uptake of TAT-fused FL-LPL reaches maximal levels at 45 min to 2 h ( Fig. 1D ; lanes 4 and 5) and the protein appeared to be stable for up to 6-8 h (lane 6) and reduced from 12 h onwards (lanes 7-9). Therefore, osteoclasts were incubated with 150 nM TAT-fused peptides (control and LPL peptides) for 3-4 h. Loading was normalized to the cellular levels of GAPDH for blots shown in C and D. Based on these experiments, 100-150 nM concentration of TAT proteins have been used for experiments shown below.
Analysis of the effect of transduction of TAT-fused LPL peptides on the phosphorylation of endogenous LPL
Previous studies, including our own have shown that the actin bundling process is dependent on the phosphorylation of LPL [1, 15, 40, 46, 64] . Here, we aim to elucidate the significance of LPL phosphorylation on actin dynamics associated with the NSZs formation in osteoclasts transduced with TAT-fused LPL peptides (Fig. 1) . We first examined the phosphorylation of endogenous LPL in the presence of bone particles and TNF-α. Osteoclasts untransduced ( Fig. 2A; (~68-70 kDa) . Phosphorylation of the transduced TATfused FL-LPL was also seen at a molecular mass of~80 kDa in FL-LPL transduced osteoclasts ( Fig. 2A; lanes 2 and 5) and not in mutated FL-LPL transduced osteoclasts (lane 6). Most importantly, transduction of NT-LPL exerted a significant inhibitory effect on the phosphorylation of endogenous LPL (lane 3). Inhibition was found to be > 72 ± 7.3% (mean ± SD of three blots) with NT-LPL peptide. Immunoblotting with an LPL antibody demonstrates both endogenous LPL protein (Fig. 2B , Lanes 1-7) and transduced FL-LPL peptide (mutated and unmutated; lanes 2, 5, and 6).
We proceeded to determine whether the decrease in the phosphorylation of cellular LPL (Fig. 2A, lane 3) is due to competitive inhibition Fig. 2D; lanes 1 and 2) demonstrated the phosphorylation of transduced NT-LPL peptide ( Fig. 2D; lane 2) . Stripping and reprobing of this blot with an antibody to HA demonstrate the immunoprecipitated levels of the transduced NT-LPL level (Fig. 2D, lane  4) . Neither NT-LPL nor phospho-NT-LPL was observed in the immunoprecipitates made with non-immune serum (NI; Fig. 2D; lanes 1  and 3) . GAPDH immunoblot was used to normalize the amount of lysate protein used (input) for indicated immunoprecipitations (Panels C and D). Results with mutated FL-LPL (A5A7) and NT-LPL suggest that TNF-α signaling regulates the phosphorylation of LPL protein. Also, NT-LPL peptide can inhibit the phosphorylation of endogenous (cellular) LPL competitively.
Analysis of the effect of transduction of TAT-fused LPL peptides on NSZs formation in osteoclasts plated on dentine
We performed confocal analyses in mouse osteoclasts plated on dentine slices for 3-4 h and 6-8 h and immunostained with an antibody to LPL and stained with rhodamine phalloidin for actin (Fig. S1) . Consistent with our previous observations [40] , LPL is colocalized with actin in the NSZs of osteoclasts plated on dentine slices for 3-4 h (indicated by white arrows; Fig. S1-A) . Colocalization of LPL and actin was not observed in the mature sealing rings of osteoclasts plated on dentine for 6-8 h (indicated by a white arrowhead). This corroborate our previously published data on the time-dependent localization of LPL in the NSZs of osteoclasts plated on dentine slices [40] . Consequently, it was of interest to study whether the transduced peptides would modulate actin dynamics in osteoclasts and whether this modulation was associated with the phosphorylation of transduced peptides. Therefore, osteoclasts transduced with various domains of LPL were plated on dentine slices for 3-4 h in the presence of TNF-α and actin staining was done (Fig. 3A-F) . The number of NSZs were counted in~75 osteoclasts and provided as a graph (Fig. 3G) . We also examined the effects of various TAT-fused LPL peptides on the total F-actin content of osteoclasts (Fig. 3H) . Actin staining showed that NSZs were found at the extensions of the plasma membrane. The number of NSZs and F-actin content are more or less equal in osteoclasts transduced with peptides such as HSV-TK, mutated FL-LPL (A5A7), and ABD-LPL (Fig. 3A, B , and E). ABD alone had no effect on the actin bundling process and NSZs formation. The level observed in these osteoclasts are considered the basal level and no additional actin bundling process took place. However, a substantial increase above the basal level was found in the number of NSZs and F-actin content in osteoclasts transduced with FL-LPL (Fig. 3C, G, and H) . A significant decrease below the basal level was observed in osteoclasts transduced with NT-LPL (Fig. 3D ) or treated with a neutralizing antibody to TNF receptor 1 (TNFR-1; Fig. 3F ). The number of NSZs and F-actin content are significantly reduced in these osteoclasts (panels G and H). Podosome like structures were also observed in osteoclasts transduced with NT-LPL or treated with a neutralizing antibody to TNF receptor 1 ( Fig. 3D and F ; indicated by wavy arrows) It is also interesting to observe that the formation of podosome-like structures (indicated by wavy arrows) are not affected by NT-LPL peptide or neutralizing antibody to TNFR-1. However, impaired endogenous LPL phosphorylation abrogate the formation of NSZs and also the membrane extensions which assist in the spreading of osteoclasts.
Changes in NSZs formation in many osteoclasts transduced with various TAT-fused peptides are shown at lower magnification (Supplemental Fig. 2) . Transduction of HSV-TK or mutated FL-LPL (A5A7) did not affect the formation of basal level NSZs ( Fig. S2 ; A and C). Failure of colocalization of these transduced peptides (green) with actin in these NSZs suggests that the endogenous or cellular LPL regulates the formation of these NSZs. Most remarkably, the colocalization (yellow) of the transduced FL-LPL peptide with actin (red) suggests that those NSZs are formed by the actin bundling process mediated by the transduced FL-LPL (B). Nevertheless, the number of NSZs are very minimal in osteoclasts transduced with NT-LPL (D). This observation establishes that NT-LPL peptide has the potential to efficiently suppress the actin bundling activity via competitive inhibition of endogenous LPL phosphorylation as shown in Fig. 2. 3.4. Analysis of the effect of transduced TAT fused LPL peptides on the formation of sealing rings and resorption pits in osteoclasts plated on dentine Next, we proceeded to examine whether the inducible and inhibitory effects of FL-LPL and NT-LPL have an impact on the formation of fully functional sealing rings and bone resorption. Osteoclasts plated on dentine for 10-12 h in the presence HSV-TK (Fig. 4A) , FL-LPL (B), FL-LPL (A5A7; C), ABD (D), NT-LPL (E) and neutralizing antibody to TNFR-1 (F) were stained for actin with rhodamine phalloidin (red). Distribution of sealing rings (red color) and scans of dentine slices (green-pseudocolor) are shown (Fig. 4) . Sealing rings (indicated by the arrows in A-D) that are capable of resorbing the dentine matrix and pits were found underneath those sealing rings (overlay panels of A-C). Resorption pits were outlined with white lines in green panels representing dentine slice. Sealing rings counted in~75 osteoclasts are provided in the graph (Fig. 4G) . The number of sealing rings was (Fig. 5B and G) . A significant decrease in the formation of NSZs (Fig. 3) with NT-LPL peptide corresponds with a reduction in sealing ring formation and resorption (Figs. 4 and 5E and G). FL-LPL and NT-LPL have opposing effects on actin ring formation and resorption which indeed is comparable to their impact on the NSZs formation. A decrease in the number of NSZs and sealing rings (Figs. 3 and 4) by a neutralizing antibody to TNF receptor 1 (TNFR1) also corresponds with a decrease in resorption function ( Fig. 5F and G) . These observations suggest that TNF-α signaling regulates LPL phosphorylation. NSZs seem to be the precursor zones from which maturation of fully functional sealing rings ensues.
Analysis of the effect of transduced TAT fused LPL peptides on the formation of podosomes and migration
LPL (aka fimbrin) was shown to localize in the podosomes of osteoclasts (14) . However, studies on the role of LPL in actin modulation, podosome assembly/disassembly, and migration are limited. Having shown that NT-LPL peptide has the potential to reduce NSZs formation via suppressing the function of endogenous LPL in osteoclasts, we investigated whether this peptide would have a similar inhibitory effect on actin modulation involved in podosome assembly/disassembly and migration ( Fig. 6A and B) . TAT-fused FL-LPL (a), mutated FL-LPL (b), ABD (c), and NT-LPL (d) does not affect the actin modulation involved in podosome assembly/disassembly (Fig. 6A) and migration (B) . Actin staining was observed in the podosomes of osteoclast treated with indicated peptides. We conclude that LPL is indispensable to drive the actin bundling processes involved in sealing ring formation.
Together, these results support the role of LPL in the regulation of the formation of NSZs, a precursor zone for sealing rings by TNF-α signaling (schematic diagram in Fig. 7 ).
Discussion
The process of sealing ring formation in osteoclasts requires significant actin filament reorganization; bundling and stability of actin filaments are fundamental steps in the formation of sealing rings, which allow osteoclasts to adhere to the bone surface tightly. Our results show that LPL regulates the actin bundling process at the early stage of sealing ring formation. Cooperativity between serine phosphorylation and actin binding to ABDs of LPL is required for the actin bundling process mediated by LPL. We have previously demonstrated a novel mechanistic link between LPL and cortactin in the formation of sealing ring. Cyclical changes in the levels of LPL protein and phosphorylation corresponded well with the actin cytoskeletal reorganization in resorbing osteoclasts. NSZs function as secondary adhesive sites during membrane extensions. Present results corroborate our previous observations [40] that polymerization of actin generates a force to push the plasma membrane forward to produce membrane extensions. NSZs formed at the extensions serve as adhesive structures which facilitate spreading of osteoclasts on bone.
It was understood that towards the beginning of the resorption phase, sealing rings are formed from the fusion of podosomes [31, 32, 58] . However, various findings have suggested that sealing rings formed on bone have a unique three-dimensional organization that is not derived from podosomes. Podosomes do not fuse together to form sealing rings on the dentine slice or mineralized matrix [29, 51] . It has also been suggested that podosomes may transform from individual dynamic structures to two-dimensional clusters. From these clusters, highly dynamic rings are formed, which eventually stabilize. This transition correlates with enhanced actin reorganization and a 10-fold increase in the amounts of F-actin [38] . Podosomes do not require adhering firmly to extracellular matrix (ECM) as they are rapidly constructed and removed. Their half-life is about 2-12 min [30] . The sealing ring is supposed to have very close and stable adhesion to ECM on the bone surface to generate tight sealing zone. Osteoclasts transduced with NT-LPL peptide did not have any effect on the actin modulation involved in the formation of podosomes. This suggests that the bundling of the actin filaments is not one of the processes involved in the formation of podosomes. However, NT-LPL peptide blocked the formation of NSZs. NSZs are several folds larger than the typical podosome structures. Our observations are consistent with the suggestions made by others [38] in the formation of actin-rich aggregates before the establishment of sealing rings. Even so, if one considers that sealing rings are derived from podosomes, there should be remarkable changes in the reorganization of actin filaments because of the architectural nature of podosomes and sealing rings.
NSZs represent a part of the phenotypic changes that occur before the formation of sealing rings on mineralized matrix. L-Plastin is localized in NSZs and not in sealing rings of resorbing ( Supplemental  Fig. 1) ; [40] . The contemporary view of actin reorganization in sealing ring formation and resorption activity have focused predominantly on integrin αvβ3 signaling [4, 24, 35, 41, 45, 50, 54, 57] . The limitation here is that the molecular mechanisms involved in the assembly of NSZs have not been studied. Osteoclasts from integrin β3 knockout mice [43] expressing a cytoplasmic domain deleted β3 constructs [18] or treated with echistatin, in fact have shown actin aggregates [18, 48] . It is possible that these aggregates may not be considered as an important zone at the time of these observations. Regulation of the formation of NSZs by TNF-α or RANKL signaling provides a new concept in osteoclast (OC) bone resorption (Scheme in Fig. 7) . Identification of formation of NSZs prior to sealing ring formation and localization of integrin αvβ3 in the NSZs provides a paradigm shift from the existing model of "osteoclast adhesion to the bone surface→assembly of sealing rings by αvβ3 Fig. 4 . Analysis of the formation of sealing rings and resorption in osteoclasts. Osteoclasts transduced with indicated TAT-fused HSV-TK (A) and LPL (B-D) peptides were plated on dentine slices and incubated for 10-12 h with TNF-α. Some cultures were treated with a neutralizing antibody to TNFR-1 (E). Confocal microscopy images of osteoclasts stained for actin (red) is shown. The reflected light in green is dentine. Overlay images show the distribution of actin protein (red) in osteoclasts plated on dentine slices (green). Resorption pits were found underneath where sealing rings were found in osteoclasts (indicated by arrows in red panels; A-C). Resorption pits were outlined with white lines in green panels (A-C). Asterisks indicate punctate podosome-like structures in osteoclasts transduced with NT-LPL (panel D) or treated with a neutralizing antibody to TNFR-1 (E). Scale bar-25 µm. These results represent one of the three experiments performed with the similar results. Sealing rings were counted in~75 osteoclasts and provided as a graph in panel G; mean ± SEM. *** p < 0.001; **p < 0.01 versus HSV-TK transduced cells. Data provided are the representative of at least three independent experiments with comparable results.
signaling→bone resorption" to the new model of "osteoclast adhesion to the bone surface→ formation of nascent sealing zones by TNF-α or RANKL signaling→maturation of NSZs to sealing rings by αvβ3 signaling→bone resorption" (Fig. 7) .
Sealing rings consisting of bundled actin filaments that generate tight sealing zones on the bone surface. The areas encompassed by actin filaments in sealing rings range from 1 to 10 µm [37] . Because of the architectural nature of sealing rings, a major reorganization of actin filaments is required during their formation. LPL was shown as one of the bundling proteins which cross-links actin filaments to tight bundles [19, 20, 36, 65] . Actin bundling is mediated by two tandem repeats of actin-binding domains (ABD) in LPL. These domains assist in binding two actin filaments into parallel arrays for bundle assembly [25, 49, 62] . Actin-binding proteins which have two discrete actin-binding domains nearby can achieve the process of actin bundling [65] . Although, osteoclasts express alpha (α)-actinin, which is also an actin-bundling protein, actin bundles generated by α-actinin are loose structures as seen in actin stress fibers [37, 42] . ABDs are placed at a distance in α-actinin and separated by a helical spacer region which may cause the formation of a different actin bundling feature. LPL seems to be an appropriate protein in the tight bundling of actin filaments essential for osteoclast bone resorption. LPL was also shown to stabilize actin filaments and protect them against depolymerization [34] , which is a must for the efficient function of the sealing ring during bone resorption. Osteoclasts treated with Enoxacin demonstrated proteolytic processing of several proteins. LPL was identified as one of the cytoskeletal proteins. Treatment with enoxacin reduced the association of V-ATPase subunits with the detergent-insoluble cytoskeleton. It is possible that the amount of insoluble cytoskeleton may be reduced in these osteoclasts due to failure in the formation of actin aggregates by the cleavage of LPL [60] .
Phosphorylation of LPL on Ser-5 and -7 residues was shown to be essential for actin binding/bundling activity of LPL [26] . In this paper, transduction of TAT-fused NT-LPL peptide into osteoclasts allowed us to correlate the observed actin modulation with LPL functional domains. Fig. 5 . Analysis of the effects of transduced TAT-LPL peptides on resorption by osteoclasts using dentine slices. Osteoclasts transduced with indicated TAT-fused peptides (Panels A-E) or treated with a neutralizing antibody to TNFR-1 (panel F) were cultured on dentine slices for 10-12 h in the presence of TNF-α. Pits were scanned in a Bio-Rad confocal microscopy. Scale bar-25 µm. Resorbed area is seen as dark areas. Statistic measurements for the pit area are provided as a graph in G. ***p < 0.001 and **p < 0.05 versus HSV-TK transduced cells. The resorbed pit areas (20-25 pits/slice) were quantified and data were compiled from four slices per treatment. The data showed (G) is the mean ± SEM of one experiment performed. Experiments were repeated three times with three different osteoclast preparations. Analyses with TAT-fused LPL peptides not only revealed the feasibility of the techniques but also the ability of the peptides to induce changes in the actin cytoskeleton of resorbing osteoclasts. An increase in F-actin content, number of NSZs and sealing rings in osteoclasts transduced with FL-LPL peptide showed the significance of LPL in the formation of NSZs. L-plastin was suggested to affect actin turn-over via decreasing the actin dissociation rate by several-fold, thereby increasing the amount of F-actin [1] . As suggested by others [1] , it is possible that the transduced FL-LPL may have a similar effect on decreasing the actin turn over which reflects on the amount of F-actin and the number of NSZs. L-plastin binding with F-actin may assist in the assembly and bundling of actin filaments. Bundling of actin filaments is crucial in the formation/function of the sealing ring as opposed to podosomes which are highly turn-over structures. High turnover of actin filament in fact is necessary for podosome assembly/disassembly because osteoclasts are highly motile cells [9] . LPL was shown to present in the podosomes of macrophages. It promotes the longevity and provides support to the migration of macrophages. Podosome stability is disrupted in primary resident peritoneal macrophages from LPL −/− mice [66] . Competitive inhibition of serine phosphorylation of cellular LPL by NT-LPL peptide reduced the formation of NSZs. It did not affect the assembly of podosomes or migration. Further analyses in osteoclasts isolated from LPL −/− mice will substantiate the role of LPL in actin dynamics involved in osteoclast sealing ring formation and bone resorption. NT-LPL peptide exerts inhibitory effects on the function of cellular LPL as assayed by the levels of phosphorylation of cellular LPL, changes in actin dynamics, and capacity to resorb bone. Non-phosphorylated LPL was shown to have lesser interaction with the actin cytoskeleton in Vero cells [1] . Serine phosphorylation not only increases the affinity of LPL with actin filaments but also the localization of integrin in nascent sealing zones which is required for the maturation of NSZs to sealing rings and bone resorption. We show here that the transduction of mutated FL-LPL (A5A7) had no additional effect on the actin bundling process and NSZ formation although it contains other domains such as ABDs and EF-hand. This suggests that serine phosphorylation of LPL modulates the actin bundling processes involved in the formation of NSZs. Understanding the regulation of serine phosphorylation is vital in the evaluation of the role of LPL in osteoclast function. Cooperativity between serine phosphorylation and actin binding to ABDs is required for the actin bundling process mediated by LPL. Hence, the transduction of ABD alone did not affect the function of cellular LPL. The data derived from experiments with NT-LPL, ABD and mutated FL-LPL at serine residues elucidate the specific role of LPL phosphorylation on NSZs formation. Serine phosphorylation of LPL is a necessary process in the effects mediated by ABD such as bundling and stabilization of actin filaments. Therefore, no additional effects in the formation of actin aggregates were observed in osteoclasts transduced with either mutated FL-LPL (A5A7) or ABD.
LPL was shown to make a complex with cortactin [1] and integrin beta (β1 & β3) subunits [33] and regulates actin dynamics in carcinoma cells. Cortactin associates with integrins [55, 56, 63] , and also found in the sealing rings of osteoclasts in a time-dependent manner [12, 40] . Although ABDs of LPL has no phosphorylation sites, it can bind to the cytoplasmic domain of integrin β-subunit and make a complex with cortactin [33] . We have previously shown the localization of cortactin in nascent sealing zones besides integrin αv or β3. This complex regulates the maturation of sealing zones to rings in osteoclasts [11, 12, 40] . LPL was not observed in nascent sealing zones at the time of maturation, i.e. from 6 h onwards; although the diffuse cellular distribution of LPL was observed [40] . Moreover, the interaction of integrin with Factin was maximal from 6 h onwards. Therefore, we suggest that ABD/ F-actin interaction is cell-type specific, and LPL may not be a direct integrin scaffold for F-actin binding in osteoclasts. Further detail studies are required to determine how ABDs function in the bundling of actin filaments.
Conclusions
The findings herein, a) indicate that phosphorylation of LPL on serine residues regulate actin bundling via two ABDs. b) demonstrate the significance of LPL phosphorylation and function in NSZs formation at the early stage of sealing ring formation. c) demonstrate that phosphorylation of LPL acts as an integrator of signals that control the actin bundling action. d) show that LPL stabilizes actin bundles to mature into sealing rings. To our knowledge, this is the first study to cast light on the role of LPL phosphorylation on actin bundling process involved in the formation of NSZs in osteoclasts subjected to bone resorption. These studies identify LPL as a novel therapeutic target in osteoclastmediated events.
